Abstract Repetitive sequences, primarily transposable elements form an indispensable part of eukaryotic genomes. However, little is known about how these sequences originate, evolve and function in context of a genome. In an attempt to address this question, we performed a comparative analysis of repetitive DNA sequences in the genus Oryza, representing~15 million years of evolution. Both Class I and Class II transposable elements, through their expansion, loss and movement in the genome, were found to influence genome size variation in this genus. We identified 38 LTRretrotransposon families that are present in 1,500 or more copies throughout Oryza, and many are preferentially amplified in specific lineages. The data presented here, besides furthering our understanding of genome organization in the genus Oryza, will aid in the assembly, annotation and analysis of genomic data, as part of the future genome sequencing projects of O. sativa wild relatives.
Introduction
The genus Oryza, to which cultivated rice belongs, is composed of 23 species (Vaughan et al. 2003) , including 21 wild and two cultivated species. Based on interspecific crossing (Tateoka 1963 (Tateoka , 1964 , chromosome pairing (Nayar 1973; Li et al. 2001 ) and total genomic DNA hybridization (Aggarwal et al. 1997 ), these species have been divided into ten distinct genome types: six diploid (2n=24) and four Electronic supplementary material The online version of this article (doi:10.1007/s12284-010-9054-7) contains supplementary material, which is available to authorized users. allotetraploid (2n=48). Owing to its economic importance (Khush 1997) , small genome size (Arumuganathan and Earle 1991) and evolutionary relationship with other cereals (Moore et al. 1995) , rice was the first crop to be sequenced (IRGSP 2005) .
Analysis of the rice genome has shown that~40% of the genome consists of known repetitive deoxyribonucleic acid (DNA; unpublished data), of which, at least 35% are transposons (IRGSP 2005) . Repetitive sequences form a crucial component of many eukaryotic genomes, so much so that certain features of eukaryotic genome organization have been implicated as consequences of evolutionary forces acting on repetitive sequences (Charlesworth et al. 1994) . Both tandem arrays and transposable elements (TEs) have been found to be associated with non-recombining heterochromatic regions, which may be due to their differential accumulation in genomic regions where recombination is suppressed (Charlesworth et al. 1986; Charlesworth and Langley 1989; Charlesworth 1991) . Repetitive sequences, primarily TEs, can be a major force driving gene/genome evolution due to their tendency to insert either near/within genes (Yang et al. 2005 (Yang et al. , 2007 , or intergenic regions (San Miguel et al. 1996; San Miguel and Bennetzen 1998) . For instance, LTR retrotransposons (LTR-RTs) have been shown to determine fruit shape in tomato, whereby a retrotransposon-mediated gene duplication event resulted in elongated fruit shape (Xiao et al. 2008) .
Other repetitive elements, such as Pack-MULEs, have been shown to carry fragments of cellular genes from multiple chromosomal loci, some of which can be fused together to form novel open-reading frames that are expressed as chimeric transcripts (Jiang et al. 2004) . Similarly, special types of Class II DNA transposons, called helitrons have been reported to capture complete or incomplete copies of host genes as they transpose (Morgante et al. 2005; Kapitonov and Jurka 2007) . Such instances of genes/gene fragment acquisition by TEs represent a mechanism for the formation of new genes.
Besides their role in driving gene and genome evolution (Bennetzen 2000; Jiang et al. 2004; Shapiro and Sternberg 2005; Kapitonov and Jurka 2007) , gene regulation (Lippman et al. 2004; Feschotte 2008; Okamura and Nakai 2008) , and other important developmental and evolutionary beneficial effects, TE activity can also result in a fitness loss to the host (Mackay 1986) . Their activity in terms of insertions and/or chromosomal rearrangements can cause deleterious mutations (Crow and Simmons 1983; Mackay 1986 ) including human genetic diseases (Wallace et al. 1991; Holmes et al. 1994) . The dynamic nature of repetitive sequences thus has long-term evolutionary as well as functional significance for the host genome.
The DNA sequence of a repeat and its copy number can evolve rapidly, leading to specificity within a particular species/genome or even a chromosome (Galasso et al. 1995; Wang et al. 1995; Matyasek et al. 1997) . During the course of evolution, the loss or gain of sequences at the corresponding orthologous locations can lead to variations in the quantity of genome-specific repetitive sequences. In rice, preferential amplification of specific repetitive sequences has been shown to have an influence on genome differentiation, irrespective of the genome size (Uozu et al. 1997) , and may be involved in domestication and/or speciation events. Some recently amplified retrotransposons have been proposed to be the source of genomic differentiation in Oryza (Panaud et al. 2002) .
The genus Oryza is an excellent system for intraspecific comparative genomics because the ten different genome types (both diploids and polyploids) diverged from each other~15 MYA and from a common ancestor with sorghum and maize about 50-70 MYA (Wolfe et al. 1989) . In addition, the amount of diversity contained within the genus Oryza is immense, in terms of variation in genome size, ploidy level, morphological traits, and ecological adaptations. Comparative analysis of repetitive sequences across these ten genome types will thus help to improve our understanding of the role of repetitive DNA sequences in shaping Oryza genomes, domestication, speciation, polyploidy, size variation, etc.
Toward this end, the availability of finished genomic sequence of Oryza sativa (IRGSP 2005) is an invaluable tool. The genome sequence can be used for comparative analyses with the wild relatives, for which Bacterial Artificial Chromosome (BAC) libraries, BAC-end sequences (BESs), and integrated physical maps are available (Wing et al. 2005; Ammiraju et al. 2006; Kim et al. 2008) . Using these resources, we investigated the repetitive sequences within the genus Oryza and found association of these elements, particularly, the Class I LTR-RTs and Class II miniature inverted TEs (MITEs), with genome size variation. Preferential amplification of different types of repetitive sequences was seen in different genomes, illustrating the role of such sequences in genome expansion and contraction.
Results

BESs of 13
Oryza species representing 8-17% ) of each of the ten Oryza genome types were analyzed for their repetitive DNA content. Both homology-based (RepeatMasker, Blast) and de novo (Tallymer, RECON) methods were used. A detailed analysis of all TE classes was done to determine their relative abundance and distribution across Oryza. A significant portion of each of the genomes was found to consist of repetitive DNA sequences, with LTR-RTs being a major component and hence one of the factors contributing to genome size variation in the genus Oryza.
Cataloging high, mid, and low repetitive BAC clones Tallymer (Kurtz et al. 2008 ), a de novo approach, was used to identify mathematically defined repeats in the BESs of all Oryza species. The method consists of digesting a query sequence into overlapping 20-mers in the 5′ to 3′ direction, and copy numbers of these fragments are computed relative to an independent, unbiased sequence using algorithms based on vmatch (www.vmatch.de) that employ suffix arrays to index the unbiased sequence libraries necessary for statistical annotation (Kurtz et al. 2008; http://www.zbh. uni-hamburg.de/Tallymer) . Using this approach, we computed and analyzed 20-mer frequencies for the entire Oryza BES dataset. BES pairs were assembled with Ns in between the forward and reverse read to obtain one sequence/BAC clone (referred to as a BAC clone for Tallymer analysis). Based on the frequencies of overlapping 20-mers for each BAC clone, the clones were categorized into low repetitive (0-40% repetitive), mid repetitive (40-70% repetitive), and high repetitive (70-100% repetitive) clones (Fig. 1a) . When plotted logarithmically on a genomic scale, these frequencies form a repeat landscape, whereby high copy repetitive regions are easily distinguished from low copy, putatively genic regions. An example of each type: low (OA_CBa0151O09), mid (OA_CBa0145N18), and high (OA_CBa0020G19) repetitive clones from Oryza australiensis are shown ( Fig. 1b) Oryza brachyantha [FF] , the smallest diploid genome, has 89.9%, 10%, and 0.2% of the clones in the low, mid, and high repetitive category, respectively, suggesting the prevalence of low copy sequences in its genome. In contrast, O. australiensis with the biggest diploid genome, and repetitive content highest among all Oryza species, has a bulk of its clones that are mid to high copy. Alternatively, individual BAC end reads from the two genomes were plotted against their repetitive content as determined by RepeatMasker for an overview of their distribution pattern at the whole genome level (Fig. S1 ). Of the total reads, 86.3% and 66.1% are repetitive in O. australiensis and O. brachyantha, respectively. Again, the preponderance of high copy repeats in O. australiensis is inferred from the distribution pattern of individual reads as more number of sequences are clustered in the 70-100% repetitive range in O. australiensis (~73% of the total reads), higher than O. brachyantha (~27% of the total reads).
Tetraploids, with the exception of Oryza coarctata, have 58.7-65%, 34.4-41%, and 0.4-1.7% of the clones that are low, mid, and high repetitive, respectively. Another exception is Oryza alta that has the highest percentage of clones in the 70-100% repetitive category (1.7%). This is consistent with an earlier report where O. alta has been shown to contain a Ty3-gypsy type of retrotransposon amplified to significant portions of its genome . O. coarctata [HHKK] is the only tetraploid species which has 92.6% of its clones that are low repetitive, 7.4% mid repetitive, and 0% high repetitive, indicating an overall low repetitive content in terms of total number of repetitive bases in the genome.
A list of all the clones belonging in each of these repetitive categories is provided (Supplemental Files 1-3). These values also include the following categories: other centromeric, telomeric, simple repeats, and low-complexity repeats A practical application of this analysis will be for sequencing and/or assembly purposes. Clones that are 90-100% repetitive can be barred from a minimum tiling path for sequencing or during assembly of sequenced data. The low repetitive clones will be useful for accessing the genic portions of each genome.
Repertoire of repetitive sequences in different species
RECON was used to identify repeats de novo for each species. Overlaps between the de novo repeats and the curated rice (O. sativa) repeat database (described in the "Materials and methods" section) were determined using RepeatMasker. Redundant sequences were removed, forming a specific repeat database for each species. The percentage of the de novo repeats shared with O. sativa custom repeat library was calculated for all species (Fig. 2 After removing the shared repeats, the remaining sequences were annotated using the all-plant repeat database. Interestingly, repetitive sequences corresponding to 46% of O. granulata, 28.5% of O. ridleyi, 24.4% of O. coarctata, and 22% of O. australiensis genomes were classified as "RECON novel" (Table 1) , as we were unable to assign any annotations to these repeats. In general, a greater evolutionary distance from O. sativa correlated with abundance of novel repeats. However, in O. australiensis, although 22% of the genome comprises novel repeats (equivalent to 25.7% of the total repetitive DNA), only 17.1% of the de novo repeats were unique to O. australiensis with respect to O. sativa. This indicates amplification of only a small portion of the de novo repeats (17.1%) to occupy approximately 22% of the genome, which is consistent with the observation of a rapid recent burst of retrotransposons (Wallabi, Kangourou, and a RIRE1 element) in this species (Piegu et al. 2006) .
In order to identify and classify the repetitive elements in different species, RepeatMasker, in conjunction with each species-specific repeat database, was used. The amount of repetitive content of a genome (Table 1 ) was found to be correlated to its genome size (Pearson's correlation coefficient of 0.9). O. australiensis [EE], the largest diploid genome, and O. brachyantha [FF] , the smallest diploid genome, had the highest (76%) and lowest (38%) amount of repetitive DNA, respectively, supporting the role of repetitive sequences in genome size expansion in Oryza. There were dramatic differences in the repeat profiles of O. australiensis and O. brachyantha with respect to Class I and Class II TEs. Approximately 59% of the total repetitive DNA in O. australiensis was Class I retrotransposons and ~7% was Class II DNA transposons, whereas in O. brachyantha, it was 27% and 20%, respectively.
Among (Gao et al. 2009 ). Among Class II DNA transposons, helitrons were most abundant in the four A-genome species (2.1% of total repetitive in O. nivara to 3.1% in O. glaberrima) and decreases thereafter as the evolutionary distance increases. Excluding the A-genomes, the amount of helitrons range from 1.9% of total repetitive in O. punctata to 0.3% in O. australiensis.
Simple sequence and low complexity repeats were also identified using RepeatMasker. Their relative abundance and density [number of simple sequence repeats (SSRs)/ Mbp of the genome] and the most frequent type of SSR motif within each di-, tri-, and tetranucleotide repeats were determined (Tables S1 and S2 ). Owing to their polymorphic nature and frequent associations with genes, SSRs have an advantage to be used as genetic markers for breeding as well as for intraspecific mapping populations for functional studies .
Retrotranspositional success of different LTR-RT families in different species LTR-RTs have an important role in genome size expansion by virtue of their copy-paste mechanism of transposition (Kumar and Bennetzen 1999) . There is a tremendous variation in the amount of a genome occupied by LTRRTs, ranging from 49.8% in O. australiensis to 12% in O. brachyantha. We estimated the copy number of 111 LTR-RT families (53 Ty1-copia and 58 Ty3-gypsy families) in the genomes of all Oryza species (Fig. 3) . The total number of LTR-RT copies in the genome is correlated with the repetitive content of the genome as well genome size (Pearson's correlation coefficient of 0.9 and 0.8, respectively). O. brachyantha, with the smallest genome and the least repetitive content had the lowest number of LTR-RT copies (13,602) as compared to O. australiensis (163,145), the largest diploid genome with the highest repetitive content. A general trend of rapid amplification of LTRRTs in terms of increase in copy number was seen in all the polyploids with the exception of three diploid species-O. officinalis, O. australiensis, and O. granulata. These three species have an exceptionally high copy number of LTRRTs, resulting in an increase in genome size as compared to other diploids. Ploidy alone therefore is not responsible for increased genome size in the four tetraploid genomes as preferential amplification of LTR-RTs in both diploid and polyploid genomes can also contribute to increase in genome size.
Estimated copy numbers for 58 Ty3-gypsy and 53 Ty1-copia families were compared throughout Oryza (Table S3) . Copy number distribution of 52 Ty1-copia and 57 Ty3-gypsy families was plotted against the genome size of every species to compare the transpositional rate of these elements (Fig. 4) . The uncharacterized families in both copia and gypsy class were excluded. Throughout Oryza, higher amplification of Ty3-gypsy, as compared to Ty1-copia-type elements, was observed, as seen by the differences in the number of individual families that have amplified in the genome in each of the three categories (500-1,000 copies, 1,000-1,500 copies, and >1,500 copies). Very few families have amplified to reach >1,500 copies in any genome of either Ty1-copia or Ty3-gypsy types. The polyploids had more high copy LTR-RT families than diploids except the three high repetitive diploid species: O. officinalis, O. australiensis, and O. granulata (Table 2) . O. brachyantha, however, lacked any family that amplified to 1,500 copies or more. The RIRE1 Ty1-copia family has amplified to~30,000 copies in the O. australiensis genome (Piegu et al. 2006) . is also found in >1,500 copies in all tetraploids except O. minuta [BBCC] , and is present in only 55 copies in O. brachyantha. Similarly, O. coarctata [HHKK] is the only tetraploid lacking significant amplification of RIRE2 gypsy-type family of retrotransposons. RIRE2 has been shown previously to account for a significant portion of the genome size variation in Oryza ).
RETROSAT2, a CRR, is highly amplified only in the O. australiensis genome. RC1067, a Ty3-gypsy type of retrotransposon family, is found in high copy in all the Oryza species except two diploids, O. brachyantha and O. granulata, and two tetraploids, O. ridleyi and O. coarctata. Among the four A-genome species, O. rufipogon is the only species where SZ5, a Ty1-copia-type family, has been amplified in large numbers. No other copia family is present in >1, 500 copies in the other A-genome species.
Similarly, SZ7 and SZ42 are two Ty3-gypsy types present in >1,500 copies only in O. rufipogon and absent in the other A-genome species. We identified 28 Ty3-gypsy and ten Ty1-copia families as possible candidates for preferential amplification in one species as compared to the others.
Preferential amplification of specific LTR-RTs in different species
In addition to LTR-RT families, we also analyzed the copy numbers of specific LTR-RT elements for varying rates of transposition throughout the genus Oryza. We found nine specific retrotransposons that appeared to have been preferentially amplified. Excluding Kangourou, Wallabi, and Gran3 which were previously shown to be amplified in large numbers in O. australiensis and O. granulata (Piegu et al. 2006; Ammiraju et al. 2007 ), we identified Atlantys, Dasheng, Dagul, Hopi, Houba, and Koala as preferentially amplified. These six retrotransposons (of which Koala and Houba are copia-type) are estimated to occupy 2.2-23% of the genome in O. brachyantha and O. alta, respectively [range, mean ± SD20.8, 11.5 ± 6.4] (Fig. 5a ). Based on an in-depth analysis of these individual elements, our results indicate a wide variation in the copy numbers, percent of total repetitive content, and percent of the genome occupied by these elements, indicating their favored amplification in one genome as compared to the others.
Variation in the estimated copy numbers of these six LTR-RTs was calculated for all the Oryza species ( Fig. 5b ; Kangourou, Wallabi, and Gran3 are also included). Copy number of Atlantys, a Ty3-gypsy type of retrotransposon is higher in BB, CC, and EE genomes and their corresponding tetraploids (O. minuta and O. alta) as compared to other species, with a maximum copy number in O. alta (14,727) and minimum in O. brachyantha (215). Atlantys has been shown previously to be abundant in the species from the Officinalis complex (Zuccolo et al. 2008) . On the other hand, Koala, a copia type of RT, has increased in copy number only in the O. coarctata genome (1,462 copies), which is higher than all the tetraploids and also than the two most repetitive genomes O. australiensis and O. granulata (Fig. 5b) .
Among all the Oryza species, O. coarctata has the highest number of copia elements (48,073 copies) and O. minuta has the highest number of gypsy-type elements (145,071). Among the diploids, however, O. australiensis has the highest number of both copia and gypsy, 30,993 and 132,151, respectively (Table S3) the A-genome species, O. glaberrima seems to be an outlier with a deficiency of LTR-RTs (both Ty1-copia and Ty3-gypsy) especially the Dagul and Dasheng elements (Fig. 5b) .
Ty1-copia outnumber Ty3-gypsy in O. brachyantha and O. coarctata Throughout Oryza, the estimated copy number of gypsy LTR-RTs is higher than the copia types (Table S3 ). The ratio of gypsy:copia ranges from 2.97 in O. glaberrima to 6.33 in O. minuta, with the exception of O. brachyantha (0.89) among the diploids and O. coarctata (0.90) among the tetraploids. The amount of gypsy-type LTR-RTs in the genome is more correlated with the total repetitive content of the genome than copia types with correlation coefficients of 0.75 and 0.30, respectively. Interestingly, both species with more copia-type LTR-RTs than gypsy are also the least repetitive among the diploids and tetraploids. Of the total 53 families of Ty1-copia analyzed, we identified three families (SC13, SC22, and an uncharacterized copia family present in 1,079, 685, and 2,270 copies, respectively) in the in O. brachyantha genome (Table S3) . Elements belonging to these three families form 56% of the total copia LTR-RTs present in O. brachyantha. Similarly, in O. coarctata, we identified seven copia families (SZ6, SZ57, SZ55, SZ30, SZ17, SZ18, and SZ13 present in 2,886, 1,435, 1,403, 1,682, 1,030, 1,496, and 1,869 copies, respectively) ( Table S3 ) that account for 24.5% of the total copia elements in its genome. This suggests that majority of the copia families in O. brachyantha (50 out of 53) are relatively low copy forming 44% of the total copia LTR-RTs, whereas, in O. coarctata, a majority of the copia LTR-RTs are mid to high copy with 46 families out of 53 forming 75.5% of the total copia elements in the O. coarctata genome.
An unusual burst of LTR-RTs in O. brachyantha
We observed that O. brachyantha experienced an atypical increase in the copy number of certain retrotranposons (both copia and gypsy). The [range, mean±SD] for copy .3] for Ty3-gypsy and Ty1-copia, respectively, indicating the amplification of specific families within each class. Besides the three Ty1-copia families previously described, we also identified four Ty3-gypsy families (SZ21, SZ240, GypsyA, and an uncharacterized family), forming 64.7% of the total gypsy LTR-RT copies in the O. brachyantha genome (Table S3) . Elements from these seven families comprise~60% of the total LTR-RT copies in the O. brachyantha genome, whereas elements belonging to remaining 104 families account for ≤40% of the total LTR-RTs. These results indicate that O. brachyantha is not exempt to LTR-RT amplification, as might be incorrectly interpreted from its overall low LTR-RT content. Amplification of specific LTR-RT families was seen in the O. brachyantha genome. (Table 1) . Based on the distribution of MITE families (Fig. S2) , three families were identified in O. brachyantha that were each found to be greater than three percent of the total MITEs in O. brachyantha. Of these three families, rapid bursts of two MITE families, "OLO24" and "EXPLORER" was seen in O. brachyantha but not in the other species (Fig. 6) . Lower numbers of MITEs in all the Oryza genomes, except O. brachyantha can be attributed to post-speciation sequence divergence of these elements such that they mutated beyond recognition. Their presence in high numbers in O. brachyantha, however, can be explained by formation of new MITEs through deletion of their corresponding Class II DNA transposons at a higher rate than occurring in other Oryza species.
To determine if MITEs in all the species except O. brachyantha are diverged from the O. sativa "MITE pool", or if they retain sequence similarity but are still present in low copy numbers, we analyzed the "OLO24" and "EXPLORER" families in all the species and calculated the percentage of total MITEs that were greater than 50% diverged in sequence and also the ones which were greater than or equal to 75% similar to the corresponding O. sativa MITEs (Table S4 ). This was done to determine if the failure to detect MITEs is due to sequence divergence or if they are preferentially amplified in O. brachyantha. Despite the observation that~65% of the O. brachyantha "OLO24s" are greater than 50% diverged from O. sativa "OLO24," we could still identify them using the O. sativa dataset.
Correlaion between autonomous DNA transposons and repetitive content of genome Autonomous and non-autonomous variants of seven types of non-MITE DNA transposons were identified using similarity searches to O. sativa MITEs (Fig. 7a, b) . Of the seven types of non-MITE DNA transposons analyzed; CACTA, PILE, POLE and Tc1 had higher amounts of autonomous DNA transposons as compared to the nonautonomous fraction as opposed to hAT, Helitrons and MULEs, whose non-autonomous content was higher with the exception of O. australiensis, O. granulata, and O. ridleyi (Fig. 7b) .
In general, throughout the genus, the four A-genome species and O. brachyantha had a higher percentage of non-autonomous DNA transposons as compared to autonomous DNA transposons. Interestingly, O. brachyantha happens to be the least repetitive and has the smallest genome in Oryza. For species with higher repetitive content, the amount of autonomous DNA transposons was higher (Fig. 7a) .
Among the tetraploids, the general trend of higher percentage of autonomous DNA transposons is maintained in all the species, although O. coarctata is exceptional with the lowest repetitive content and the lowest amount of autonomous (49%) and the highest amount of nonautonomous (44%) DNA transposons among the tetraploids. On the other hand, O. ridleyi, the highest repetitive tetraploid, had the highest percent autonomous (68%) and the lowest percent non-autonomous (25%).
O. australiensis with the highest repetitive content of all species had 70% and 25% of autonomous and nonautonomouus DNA transposons, respectively which is the highest autonomous and the lowest non-autonomous of all species (Fig. 7a) . The percent autonomous non-MITE DNA transposons was found to be positively correlated with the total repetitive content of the genome with a correlation coefficient of 0.81.
Discussion
BESs, approximating 932Mbp, representing about 8-17% of each Oryza genome and corresponding to one sequence tag per every 4-8 kb , were used to analyze repetitive DNA across the genus. We reported the extent and distribution of 111 Class I LTR-retrotranspososn families, 98 subtypes of MITEs, and seven subtypes of Class II non-MITE DNA transposons throughout Oryza, and how each of these classes of TEs can be associated with the variation in genome size that Oryza has.
Since the BAC libraries are build using partial HindIII digestion, a bias in the sampling of the genomic sequences is expected. To make sure that this bias is not affecting the total% repetitive content of each genome, we used the Nipponbare whole genome sequence as well as randomly generated 800 bp fragments as controls to determine the total repetitive content and compared it to the Nipponbare BES repeat content (results not shown).
Repeat identification strategies
De novo and similarity-based detection are the two main criteria upon which most repeat identification strategies are based. As similarity-based searches are contingent upon the existence of precompiled repeat databases, they have a limited application for genomes lacking such a repeat anthology. The de novo approach is therefore the Fig. 7 method of choice for undescribed genomes. Most of the currently available de novo methods, such as RECON (Bao and Eddy 2002) , REPuter (Kurtz et al. 2001) , RepeatFinder (Volfovsky et al. 2001) , and PILER (Edgar and Myers 2005) , are being based on self-alignment approaches and are effectual only where sequence information is not limited in terms of sequence coverage or contiguity. Mathematically defined repeats thus provide an alternative to traditional similarity-based repeat finding methods that rely on precompiled repeat libraries as well as to most self-alignment based approaches. Even with the paucity of sequences available, k-mer frequencies can capture a rich statistical information on the repeat profiles of many plant genomes (Kurtz et al. 2008) .
With the limited and fragmentary sequence information available for the Oryza species ), we employed a combination of homology-based and de novo methods for repeat detection and categorization. Mathematically defined repeats calculated on the basis of frequency of overlapping 20-mers (Kurtz et al. 2008) in the BES datasets enabled us to catalog our BAC clones as mid, low, and high repetitive. Not surprisingly, the two most repetitive genomes in Oryza-O. australiensis and O. granulata-have the highest percentage of clones falling the mid and high repetitive categories as compared to other species, irrespective of the ploidy level. Such a classification will be useful for physical mapping and eventual sequencing as high repetitive clones can be avoided.
Size variation and repetitive content
Genome size in Oryza varies~4.4 fold from 360 Mbp in O. brachyantha to 1,568 Mbp in O. coarctata. Other than ploidy, these differences can be attributed to structural changes (Bennetzen et al. 2005; Vitte and Panaud 2005) and genomic obesity caused by TEs (Kumar and Bennetzen 1999) . The repetitive content of a species was found to be highly correlated to its genome size by a correlation coefficient of 0.9. Not surprisingly, our analysis by RepeatMasker and RECON showed the predominance of a particular class of TEs, the LTR-RTs, across the entire genus, congruent with other reports Zuccolo et al. 2007) . Widely documented as an ubiquitous feature of many complex plant genomes (Flavell et al. 1992; Voytas et al. 1992; Hirochika and Hirochika 1993; Suoniemi et al. 1998) , LTR-RTs can occupy significant proportions (Ammiraju et al. 2007; Zuccolo et al. 2007; Kim et al. 2008) , sometimes even more than half of the genomes of many species (Piegu et al. 2006; San Miguel et al. 1996; Vicient et al. 1999; Kalendar et al. 2000; Schulman and Kalendar 2005) .
We also observed a positive correlation between the amount of autonomous DNA transposons to the repetitive content of the genome. One of the many possibilities for this observation could be that the high repetitive species with high amounts of autonomous DNA elements also have a higher rate of replicative transposition. Our data also indicate a near-perfect correlation of the amount of LTRRTs to the repetitive content (0.9) and genome size of the species (0.8), indicating that they contribute significantly to genome size variation as well as repetitive content of a species. Analyses of the O. australiensis [EE] and O. granulata [GG] genomes demonstrated retrotranspositional bursts of Ty3-gypsy type of LTR-RTs in the EE (Piegu et al. 2006) and GG (Ammiraju et al. 2007 ) genomes subsequent to speciation, which accounts for significant proportions of the genome sizes of these species. The Tallymer and RECON data for O. officinalis [CC] and O. alta [CCDD] also indicate likely amplification of high copy repetitive sequences in these species, presumably retrotransposons also accounting for genome size variation. Apart from insilico comparisons such as reported here, other experiments can be done to look for changes in localization/distribution, which can be detected by in situ experiments such as fluorescence in situ hybridization (FISH). For instance, during the course of time, tandem repeats can diverge and disperse, and the dispersed repeats can cluster together which can be differentiated by FISH.
O. coarctata, an exceptional case
Despite having the largest genome in Oryza [1,568 Mbp], O. coarctata has a very low repetitive content (43.7% of the genome) corresponding to only 681.7 Mbp of repetitive bases. If O. coarctata is excluded from our dataset, the repetitive content of a species is perfectly correlated, with a correlation coefficient of 1.0, to its genome size. Such an observation was also made previously ) but was attributed mainly to an incorrect genome size estimation of O. coarctata. We, however, on the basis of very thorough analyses based on mathematically derived repeats, self-alignment based de novo repeat detection, and homology to known O. sativa repeats, present a repeat profile for O. coarctata, which explains its low repetitive content as compared to other species. The repeats in O. coarctata are quite diverged from O. sativa, so much so that O. coarctata has a higher amount of unique repetitive sequences specific to its genome. O. coarctata also has many families of repetitive sequences present in low copies, which were discarded when the de novo repeats were parsed for copy number of five or greater. Tallymer data, based on the frequency distribution of 20-mers supports the abundance of low copy sequences (92.6% of total) in O. coarctata. We also observed a dearth of LTR-RTs in this species, in general, and Ty3-gyspsy types, in particular. The Ty3-gyspsies are the most abundant type of LTR-RTs in Oryza accounting for the majority of repetitive content in all species except O. brachyantha and O. coarctata. Therefore, the abundance of low copy sequences may serve as a partial explanation for its low repetitive content, although we cannot exclude the possibility of an incorrect genome size estimation.
Repetitive element landscape in genus Oryza
Throughout the genus Oryza, Ty3-gypsy elements outnumber Ty1-copia except for O. brachyantha and O. coarctata, where we found that Ty1-copia and Ty3-gypsy elements are present in comparable amounts with no preferential Ty3-gypsy amplification. This could either be due to no/low rates of amplification or high rates of removal of such elements by unequal/illegitimate recombination. The latter can be tested by looking for the presence of solo LTRs or other remnants of Ty3-gypsy-like elements.
A very preliminary analysis of the solo-LTRs in all the species was done (data not shown). Due to the limitation imposed by the sequence read length, it was difficult to distinguish between the solo-LTRs and intact element when the solo-LTR was located toward the end of a BES. The number of solo-LTRs that were identified were highest in O. granulata, approximately 9 fold higher than O. australiensis. The results also revealed the highest ratio of solo:intactLTR in O. brachyantha and the lowest in O. australiensis. Interestingly, these results coincide with the repetitive content and size of these two species, with high rate of LTR deletions and very little LTR amplification in O. brachyantha and the reverse scenario for O. australiensis. O. granulata seems to be the most dynamic genome in Oryza with the rapid retrotransposon burst of Gran3 (Ammiraju et al. 2007 ) and at least nine retrotransposon (two Ty1-copia and seven Ty3-gypsy) families identified in our analysis coupled with the highest number of solo-LTRs present and still 73.8% of its genome is repetitive. Due to the specific repeat databases used for each species in this analysis, the total repeat content of O. granulata is higher than previously reported-40.5% , suggesting the presence of high amounts of speciesspecific repetitive sequences in O. granulata.
Based on the Tallymer data, the genomes with the least repeat content have majority of their clones in the 0-40% repetitive range and a very few clones greater than 40% repetitive. O. brachyantha, with 91.9% of all its clones being low repetitive and a general depletion of LTR-RTs Zuccolo et al. 2007) , has three families of Ty1-copia and four families of Ty3-gypsy that have amplified to reach 56% and 64% of the total copia and gypsy copies, respectively. This suggests that the O. brachyantha genome is not immune to the amplification of LTR-RTs. Therefore, there must be mechanisms that keep its repetitive content low and genome size under check. The rate of removal of TEs by deletions and/or illegitimate recombination may be higher, or the amplification of LTR-RTs beyond a certain level may be detrimental such that any particular element is removed or becomes stagnant. A high rate of removal was indicated by the high ratio of solo:intact LTRs in the O. brachyantha genome. Thus, the MITE outburst, the fewer non-MITE DNA transposons, the LTR-RT bursts of only specific families, and the higher ratio of solo:intact LTRs (data not shown) may result in, and be maintenance of, a smaller genome.
Similar to O. brachyantha, O. glaberrima also has a small genome size [364 Mbp], low repetitive content (43.4% of the genome), and is deficient in both Ty1-copia and Ty3-gypsy type of LTR-RTs. However, we did not observe a MITE expansion in O. glaberrima such as seen in O. brachyantha. MITEs, in general, were more abundant in O. brachyantha as compared to all other species. Analysis of sequence divergence of MITEs shows that, although >50% diverged O. brachyantha MITEs could still be identified using the O. sativa dataset, the presence of highly similar sequences to O. sativa is not necessarily implicated in their increase in copy number as compared to other species. Thus, sequence divergence does not fully explain the depletion of MITEs in all species, except O. brachyantha. Post-speciation changes through mutations and/or deletions can render these elements nearly unidentifiable accounting for the lower number of MITEs in some, but not all, cases. However, it should be noted that the Oryza "MITE pool" is conserved, although variants from this pool can give rise to "Novel MITEs."
Besides divergence, alternate mechanisms must exist to explain the rapid burst of MITEs in O. brachyantha. Due to the structural characteristics of MITEs being similar to the defective Class II DNA transposons (lacking internal region and transposase) and extensive conservation of sequence and size among members of the same subfamily, it is suggested that MITEs have originated from a limited number of progenitor DNA transposons (Feschotte et al. 2002a, b) . Due to the inability to encode its own transposase, transposition of MITEs is catalyzed by the transposase encoded by the transposon from which it is derived (Craig et al. 2002; Feschotte et al. 2002a, b) or even a distantly related self-restrained autonomous DNA transposon (Yang et al. 2009 ). This deletion mechanism happening at a higher rate in O. brachyantha may, however, help to explain both the genome size reduction and rapid burst of MITEs in O. brachyantha.
So the question arises: Why is such a mechanism exclusive to O. brachyantha? Are specific environmental conditions, edaphic factors, or biotic stress involved? If yes, then such factors can be proposed to play a role in genome size variation due to their effect on the amplification/ deletion of specific transposons, although detailed analyses are needed to arrive at any such conclusions. Despite lacking coding capacity, MITEs can amplify in large numbers by manipulating even the distantly related and self-restrained autonomous DNA transposons (Yang et al. 2009 ).
Preferential amplification of specific elements
It is evident from our analyses that the rate at which different elements amplify with respect to other elements within a species or with respect to the same element across species varies considerably. In O. australiensis, the largest diploid genome, an LTR-RT-driven genome expansion had been reported previously (Piegu et al. 2006) . Our analysis shows a rapid apmlification of at least 14 families of LTRRTs (two Ty1-copia and 12 Ty3-gypsy types), which supports the role of these elements in genome size variation. Based on the clustering analysis of the unique de novo repeats (data not shown) and copy number distribution of Ty1-copia and Ty3-gyspy families, we, however, propose the amplification of more than just three families of retrotransposons in O. australiensis. Due to limitation on sequence read length which is too small to span full-length retrotransposons, we were unable to identify these full-length elements. Explosive proliferation of one or more LTR-RT families subsequent to speciation has also been observed in other genera such as Zea (San Miguel et al. 1996) and Gossypium (Hawkins et al. 2006) , where amplification of these families in comparison to others occupy significant portions of each genome. However, rapid amplification is not the only determinant of genome expansion. Different factors, such as rapid genomic DNA loss through unequal/illegitimate recombination and internal deletions, also act as counter forces in determining the relative retrotranspositional rates of different elements/ families (Devos et al. 2002; Ma et al. 2004) .
Thus, besides polyploidization, LTR-RTs can be the primary candidates for variation in genome sizes, owing to their differential rates of proliferation in different species (Fig. 8) . Any particular element may be present in all the species but due to varying rates of retrotransposition may amplify only in one or a few species. This could be due to varying selection pressures on different elements. Sequence divergence between elements belonging to the same family can provide clues as to the timing of transposition. Actively and/or recently transposed elements belonging to the same family should be nearly identical in sequence, whereas inactive transposons may be diverged to such an extent that they will be unidentifiable.
Another possibility is that certain elements are exclusive to particular species, which then raises the question: where did they come from and/or why did they get deleted from all other species? Horizontal transfer, a major source of evolution and speciation in bacteria (Lawrence 2002) , can be one of the mechanisms for the origin of TEs due to their mobility and capacity to integrate into the host DNA (Roulin et al. 2008 ). In plants, there are documented cases of horizontal transfer of both mitochondrial (Mower et al. 2004; Richardson and Palmer 2007) as well as nuclearencoded genes both between (Diao et al. 2006 ) and within genera (Roulin et al. 2008) . To investigate such an origin of TEs, comparisons can be made using such full-length LTRRTs and/or look for their remnants in other species. Because of the short reads in our dataset, we were not able to do this, but as genome sequencing progresses, this will be an interesting question to follow.
Based on our analysis, there are three scenarios for amplification of one element as compared to others in the same species or across species. Such a process is either (a) favored by the genome-if so, all elements should be high copy in one genome vs. the others, (b) element-dependentif so, a particular element should be high copy in all genomes, or (c) an interaction between the element and genome-this seems most plausible in that a particular element in a particular genome environment results in amplification. However, activation/mobilization of TEs as a result of "genomic shock" due to wide hybridization (McClintock 1984; Shan et al. 2005) , tissue culture (Jiang et al. 2003; Kikuchi et al. 2003) , and γ-ray irradiation (Nakazaki et al. 2003) has also been reported. Therefore, depending on the factors that potentially influence element copy number and/or activity, we can say that the repetitive elements may or may not be predisposed to certain genomes and that the genome × environment interaction may also play a role in regulating their copy number.
Practical applications of the data generated
The data presented here will help further our understanding of genome organization and evolution in Oryza. Due to a rapid rate of divergence of repetitive DNA relative to gene sequences (Ma and Bennetzen 2004) , they maintain the dynamic nature of the genomes through balancing forces of genome expansion and contraction (Vitte and Panaud 2005; Devos et al. 2002; Ma et al. 2004 ). Identification and characterization of repetitive sequences therefore will aid the sequence assembly programs and further analysis of genomic data and will simplify gene annotations during future genome sequencing of the wild relatives of O. sativa. Characterization of BAC clones into low, mid, and high repetitive will be of constructive use in eliminating the overlapping and redundant high repetitive clones from the BAC-based physical maps of Oryza Soderlund et al. 2006 ; SYMAP-http://www.agcol.arizona. edu/software/symap/). The utility of the species-specific repeat databases lies in the fact that association of these repeats with differentially expressed genes in a species will help unravel mechanisms of gene regulation.
Conclusions and future prospects
Analysis of repetitive content of the Oryza genomes not only helped us identify and classify repetitive sequences into different classes but also indicated the possibility of how these sequences may be involved in genome size variation. We provide evidence to show that besides the Class I LTR-RTs (Wessler et al. 1995; Piegu et al. 2006; Ammiraju et al. 2007; Zuccolo et al. 2007; Kim et al. 2008) , Class II DNA transposons, both MITEs (Wessler et al. 1995; Yang et al. 2009 ) and non-MITEs, can influence the genome size of a species through their expansion, loss, and movement in the genome. Preferential amplification of specific LTR-RTs in the largest diploid genome and rapid bursts of MITEs in the smallest diploid genome were observed as alternate mechanisms controlling genome size in the genus Oryza, apart from polyploidization. Although we identified 38 LTR-RT families that are amplified in 1,500 or more copies throughout Oryza, it still remains to be determined if preferential amplification of some of these families is due to the predisposition of its elements to certain lineages or vice versa.
Materials and methods
BAC libraries for wild relatives of O. sativa
A set of BAC libraries from 13 species representing the ten genome types of Oryza were obtained from Arizona Genomics Institute (AGI) and were used for this analysis. Each library represents a minimum of ten genome equivalents and has an average insert size ranging from 123 to161 kb (Ammiraju et al. 2006) . BESs were generated from these libraries, resulting in an average of 731,430 forward, 719,415 reverse, and 690,184 clones with paired reads, with 650 bp as the average read length after trimming ).
Mathematically derived repeats
Tallymer (Kurtz et al. 2008) , a program based on enhanced suffix arrays (Abouelhoda et al. 2004) , was used to compute the 20-mer occurrence counts and construct a frequency index of each 20-mer for the entire Oryza BES dataset. These frequencies were plotted logarithmically on a genomic scale to distinguish regions of high TE content from low copy regions. BAC-end pairs were merged by inserting a gap (stretch of Ns) between the forward and reverse reads, and will be referred to as a BAC clone for the purpose of this analysis. Based on the 20-mer frequency distribution, clones in the BAC libraries of all species were further categorized into low, mid and high repetitive clones.
Compilation of species-specific repeat databases for all Oryza species A comprehensive custom repeat database was compiled, first for O. sativa ssp. Nipponbare as the basal dataset. This was done using Oryza repeat database (3, 752 (McCarthy and McDonald 2003) . Overlapping/redundant elements were removed from these datasets using an 80% similarity index as the cutoff value. Elements greater than or equal to 80% similar were regarded as same elements and were removed. Elements less than 80% similar were identified as being unique and were included in the Nipponbare custom repeat database (5,892 sequences).
RECON (Bao and Eddy 2002) was then used to identify de novo repeats from the Oryza BES datasets. To increase the speed and efficiency of the program, the BLAST output was parsed to discard self-hits as well as hits with an e-value greater than 1e-5. The RECON output, which identified repetitive elements and classified them into distinct families, was parsed for sequences greater than 40 bp in length that were found at least five times per family. Overlap between the de novo and the Nipponbare custom library was determined using RepeatMasker. Sequences left unmasked by this process and thus not a part of the custom repeat database were extracted and annotated using BLASTN (Altschul et al. 1997) at an e-value = 1e
-5 against the all-plant repeat database at http:// plantrepeats.plantbiology.msu.edu/. For each individual species, these annotated de novo repeats were combined with the Nipponbare repeat library to form a speciesspecific repeat database. This database was used for homology-dependent repeat search in that particular species using RepeatMasker (Smit et al. at http://repeatmasker.org).
Analysis of repetitive sequences
RepeatMasker (version 3.1.9; WuBlast as the search engine) was used to mask the repetitive sequences for the entire Oryza BES dataset, using an exclusive database for each species, as described above. Customized Perl scripts were used to parse the RepeatMasker output and to remove/ minimize any overlaps between different repeat coordinates. The masked sequences were identified and classified into different types of repeats in each of the species. Low-complexity repetitive regions and SSRs were also identified, and their relative abundance and density (number of SSRs/Mbp of the genome) were determined. The most frequent type of SSR motif within each di-, tri-, and tetranucleotide repeats was further identified for all the species. Different classes of TEs (Class I retrotransposons and Class II DNA transposons) were analyzed in detail using subsets of the repeat database. A number of 58 subfamilies of Ty3-gypsy and 53 subfamilies of Ty1-copia type were analyzed for preferential amplification in one species vs. all others. Nine specific elements from these families (seven Ty3-gypsy and two Ty1-copia types) were compared across the species to see if they are present/absent or differentially amplified across the species. The autonomous and nonautonomous subtypes of CACTA, hAT, MULE, PILE, POLE, Tc1, and Helitrons belonging to non-MITE DNA transposons were identified by homology-based searches using RepeatMasker. Divergence analysis of MITE subtypes was done using BLASTN at e = − 10 to examine their preferential amplification within the O. brachyantha genome. MITE sequences that are either less than 50% or greater than 75% similar to the corresponding O. sativa MITEs were identified to test for sequence divergence of MITEs within Oryza.
